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The aim of this study was to develop a fast test for local photoreceptor alignment. Photoreceptor 
alignment is an important indicator of retinal integrity. Digitized images of fundus reflectance were 
obtained for 20-30 pupil entry positions with a custom built scanning laser ophthalmoscope @LO). 
The data permitted the calculation of curve peakedness of the optical Stiles-Crawford effect (SCE) 
as a function of retinal location. We found that the peakedness is low in the central 0.5 deg, reaches 
a maximum at an eccentricity of l-2 deg and gradually drops with increasing eccentricity. These 
data are in conformity with the anatomy of fovea1 cones. Additionally, the psychophysical SCE was 
measured with red light and an 8 deg stimulus. The mean peak position of the SCE in the pupil 
plane for both methods was similar, but the optical SCE was clearly steeper. The SLO provides a 
fast, reliable and objective way to determine local receptor alignment in the central retina. 
Copyright 0 1996 Elsevier Science Ltd 
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INTRODUCTION 
In 1933, Stiles and Crawford found that light entering the 
eye near the middle of the pupil opening was perceived to 
be brighter than light entering near the edge of the pupil 
(Stiles & Crawford, 1933). The luminous efficiency of a 
narrow beam of light as a function of position in the pupil 
plane has become known as the Stiles-Crawford effect of 
the first kind (here referred to as SCE). It is generally 
accepted that the SCE is due to directional sensitivity of 
cone photoreceptors in the retina (Laties et al., 1968; 
Laties & Enoch, 1971; Enoch & Laties, 1971; Enoch & 
Lakshminarayanan, 1991). This directional sensitivity is 
an active process, for it can disappear and recover 
(Fankhauser et al., 1961; Smith et al., 1978; Pokorny & 
Smith, 1979; Fitzgerald et al., 1980; Morse et al., 1981; 
Bedell et al., 1981), possibly due to phototropic and 
mechanical mechanisms (Applegate & Bonds, 1981; 
Enoch & Lakshminarayanan, 1991). 
The clinical application of the SCE therefore has been 
explored in a number of studies (Enoch, 1957, 1959; 
Fankhauser & Enoch, 1961; Dunnewold, 1964; Enoch et 
al., 1973; Smith et al., 1978; Pokorny et al., 1979; Smith 
& Pokorny, 1981; Bedell et al., 1981; Morse et al., 1981; 
Birch et al., 1982; Sternberg et al., 1982). One of the 
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reasons that it has never been widely introduced in a 
clinical setting, probably is its cumbersome test proce- 
dure. It demands a high degree of concentration from the 
subject, with a good understanding of the test, and it may 
take up to 1.5 hr to obtain sufficient data from a naive 
subject. 
Goldmann (1942) used a fundus reflectometric techni- 
que to find direct proof that the SCE must have a retinal 
origin. Enoch and Tobey (1981) reported on in vitro 
studies (forward light passage, reverse passage and far- 
field radiation patterns) showing directional transmissive 
properties of the photoreceptors in human (cones) and rat 
(rods). Van Blokland (1986) showed that fovea1 reflec- 
tion was dependent upon pupil position, strongly 
resembling the psychophysical SCE. The peak positions 
were about the same in both tests, but the optical data 
showed a steeper dependence on pupil position. Gorrand 
and Delori (1990) used the fovea1 reflection as an 
objective method for assessing the photoreceptor direc- 
tionality. They named it the optical SCE. This technique 
was further evaluated by Burns et al. (1992), (1994), 
Gorrand and Delori (1995) and Burns et al. (1995). 
Applegate and Lakshminarayanan (1993) suggested 
that a clinical application for objective and quantitative 
SCE determination should have the following traits: test 
duration cl min; eye stabilization through use of a simple 
chin-and-forehead rest; any retinal locus may be chosen; 
and analysed results should be ready for a medical record. 
We have designed a test to measure the optical SCE, 
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which includes most of these traits, based on a scanning 
laser ophthalmoscope (SLO). In addition we measured 
the SCE in all retinal loci within a central field of 
8 deg x 6 deg. Comparison of psychophysical and the 
optical SCE shows that the mean peak position is similar. 
We confirm that the optical SCE is steeper than the 
psychophysical one. 
SUBJECTS AND METHODS 
Optical and psychophysical SCE of fovea1 photore- 
ceptors were assessed for a horizontal scan in one eye in 
nine healthy subjects (age 15Gl5yr, mean 27.8). Written 
informed consent was obtained. Each subject had a best 
corrected Snellen visual acuity of 1.0 or better, no 
ophthalmological complaints, no history of ingesting 
drugs, diabetics or neurological abnormalities and a 
negative family history of retinal degeneration. 
For the optical SCE we used a home built SLO (Van 
Norren & van de Kraats, 1989). The SLO laser scans 
across the retina in a raster pattern at video rate. One 
special feature of our custom built SLO is the ability to 
control both exit pupil size and retinal conjugate 
collection aperture size. Retinal conjugate aperture was 
0.43 deg. Retinal laser spot size was 0.03 deg. The pupil 
stops used are shown in Fig. 1. Entrance and exit beam 
moved jointly in the horizontal meridian over the pupil 
plane, thus simultaneously altering the retinal angle of 
entrance and exit beam. 
Pupils were dilated with one or two drops of 
tropicamide 1%. A bite board with a dental compound 
and two forehead rests ensured a proper fixation of the 
subject’s head. Subjects were asked to gaze at the middle 
of a cross produced by an acousto-optic modulator device 
in the scan of an Argon laser (514 nm). The scan waist, 
the location in the optical pathway where the scan pattern 
converges to one point, was adjusted near the pupil plane 
in the z-direction. Refractive abnormalities were cor- 
rected. A continuous image of the retina on a monitor 
allowed us to interactively find the pupil plane position 
(x- and y-direction) with maximum fovea1 reflection. Our 
subjects happened to all have their maximum fovea1 
reflection around the mid-vertical position, so we chose 
to make a horizontal scan. Future subjects with eccentric 
pupil positions could be accommodated by utilizing both 
1.0 mm 
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FIGURE 1. Configuration of entrance and exit beam in the pupil plane 
for the SLO. 
the horizontal and vertical adjustments. The eye was first 
adapted for 2 min to a green light (514 nm at 5.9 log td), 
bleaching >95% of the available photopigment (Rushton 
& Henry, 1968). The laser scan waist was then moved to 
the nasal edge of the pupil plane and at every 0.25 mm of 
the horizontal meridian a retinal image was acquired at 
514 nm, until the temporal pupil edge was reached. 
During image acquisition effective light intensity was 
maintained at >95% bleach level. Subjective luminance 
efficiency equals objectively measured bleach efficiency 
(Coble & Rushton, 1971). Supposing p = 0.047 (Apple- 
gate & Lakshminarayanan, 1993) a pupil position up to 
3.5 mm from the SCE peak still results in a >95% bleach 
level. Acquisition of 20-30 fundus images took ca 3- 
5 min. Instructing the patient and performing the test 
required in total about 20 min. During image acquisition 
fundus images with obvious (>2 deg) eye movements 
were omitted. The remaining images with slight eye 
movements were aligned to a common reference point, 
usually a retinal blood vessel intersection. From each 
image a mean background image was subtracted. Back- 
ground images were acquired at the end of each session to 
determine dark current and stray light level produced by 
the SLO itself. In order to quantify these results we fitted 
reflectance per pixel and luminance efficiency, h (least x2 
method) with a model suggested by Gorrand and Delori 
(1995): 
with f(x) standing for optical or psychophysical SCE, 
parameter a representing directionally dependent light, h 
representing non-directional (stray) light, p curve 
peakedness, x horizontal pupil position and X, pupil 
position at which reflectance is at its maximum. Porricar 
was calculated for every pixel within the central 
8 deg x 6 deg of the fovea. These images were smoothed 
(10 x 10 pixels) by a moving average and thresholded in 
10 steps from 0.00 to 0.50 to produce an image of p 
distribution. 
For comparison between optical and psychophysical 
SCE we also selected a 2 x 2 deg square test field with the 
fovea as centre to calculate a mean reflectance value (Rr). 
The central 2 deg contains virtually only cones (Gster- 
berg, 1935). 
The psychophysical SCE was measured with a clinical 
Stiles-Crawford apparatus (Vos & Huigen, 1962). 
Briefly, the subject views a circular field of 8 deg, 
segmented into five pieces. Each piece, polarized in an 
arbitrary direction, is imaged on the retina on both a 
fixed, and an adjustable entrance pupil that both 
contained polarizers oriented perpendicularly to one 
another. By rotating an analyser, the brightness of the 
segments can be adjusted. The amount of rotation yields 
the relative luminous efficiency (yl) of the ray through the 
eccentric pupil. To obtain reliable results the procedure 
had to be repeated three times. The measurement lasted in 
total l-l.5 hr. The deep red measuring light (wavelengths 
>640 nm) made hue shifts, resulting from the SCE of the 
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second kind (Stiles, 1937), unnoticeable, because of 
limited colour discrimination at these wavelengths. 
RESULTS 
All subjects were tested for their optical and psycho- 
physical SCE over a horizontal pupil meridian in one eye. 
In Fig. 2 a fundus image sequence of Subject 1 at every 
1 mm is shown. The fovea, outlined by the small box, 
reveals a strong reflection in the mid-pupil position, be it 
with a darker area in the very centre. 
Figure 3 shows the Poptrcar distribution in the central 
8 deg x 6 deg for nine healthy subjects. To calculate 
Popticar outside 8 deg x 6 deg is not meaningful for 
photoreceptor alignment, because superficial reflection 
in the perifovea, originating at the inner limiting 
membrane, obscures light reflection from the photore- 
ceptors. Images in Fig. 3 were smoothed and thresholded 
to better show spatial distribution. 
Figure 4(a and b) shows the vertical and horizontal 
cross section Of Popticar of Subject 1 from Fig. 3. The 
Por,ticar value at the central 0.5 deg is 0.15; at 1.5-2 deg 
eccentricity it rises to 0.28; at 3 deg eccentricity it drops 
to c. 0.15 again. Horizontal and vertical spatial distri- 
bution have a bilateral symmetry. 
In Fig. 5 a comparison of optical and psychophysical 
SCE is given for Subject 1 by using the fovea1 reflectance 
of the central 2 x 2 deg and relative luminous efficiency 
plotted on a log scale against pupil position. Both curves 
are normalized to ease comparison. The optical hor- 
izontal range in the pupil plane is 1.5-2.0 mm smaller 
than the psychophysical one, because of the size of the 
exit beam in the optical set-up (Fig. 1). Mean values for 
the peak position, and fraction of directionally dependent 
light to stray light (a:b) for nine healthy subjects are 
presented in Table 1. The peak positions were the same 
within 1 S.D. in both tests. However, mean p was 5.3 
times larger for the optical than for the psychophysical 
SCE. No stray light is found for the psychophysical SCE 
(a:b = infinity). 
FIGURE 2. Fundus images of Subject 1 taken every 1.0 mm in the 
horizontal pupil plane, starting at the nasal edge. The outlines represent 
an area of 22 deg x 18 deg, the large box is 8 deg x 6 deg and the small 
one 2 deg x 2 deg. In the large box the directional effect is much 
stronger than in the parafoveal region. The superficial peri-fovea1 
reflection at the inner limiting membrane also shows a strong 
directional dependency that moves over the retina with the pupil entry. 
FIGURE 3. Spatial distribution of Paptical within an 8 deg x 6 deg 
central area for nine healthy individuals. The vertical bar at the left of 
each ~~~~~~~~ image shows shades of grey and corresponding p values. 
Pixel data was smoothed and thresholded. All images show a dip in the 
middle. (a) (Subject 1) shows a vertical and horizontal line, which is 
used in Fig. 4. 
DISCUSSION 
The optical SCE measurement is a faster, and less 
demanding test to determine photoreceptor alignment 
than the psychophysical test. A psychophysical test takes 
>l hr, whereas an optical SCE measurement is completed 
in 20 min. Measurements of optical SCE could, in 
principle, be speeded up by acquiring ~30 images, but 
due to the lengthy preparation, total test time would not 
greatly be reduced. The optical test requires no active 
collaboration of the subject apart from fixation. Higher 
values for p (steeper effect) for the optical SCE, allow 
determination of photoreceptor alignment within a 
smaller pupil range. The SLO further enables the 
examiner to exclude artefacts such as floaters in the 
vitreous, and allows observation of the patient’s fixation. 
Anatomical abnormalities in retinal structures, noted in 
fundus photographs or fluorescein angiograms, and 
functional abnormalities, such as visual field defects, 
may be matched to local photoreceptor alignment 
abnormalities. 
Retinal images of Poptrcar show the same pattern for 
nine healthy subjects. A striking feature is that the Popticar 
value is low at the central 0.5 deg, highest at 1.5-2 deg 
eccentricity and low again at 4 deg eccentricity. 
Westheimer (1967) suggested that the psychophysical 
SCE is connected to the shape of the retinal receptors. 
Enoch and Hope (1973) reported that the highest 
Ppsychonhysicar values were measured at 2 deg horizontal 
eccentricity. De Groot (1980) showed in a theoretical and 
scale model that a cone shaped receptor has a higher 
directional dependency than a cylindrical one. An 
elongated central cone will have a lower p value than a 
shorter and broader eccentric cone. The rise in Popticar 
from 0 to 2 deg supports this theory and is in agreement 
with psychophysical data. The decrease in Popticar from 2 
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FIGURE 4. (a) Horizontal and (b) vertical fovea1 profile of popticill in a 
typical healthy subject (2). Mid scale was aligned with the centre of the 
fovea [see lines in Fig. 3(a)]. The vertical axis shows ~~~~~~~~~ values 
from 0.00 to 0.50. 
to 4 deg eccentricity is not seen in psychophysical 
measurements (Enoch & Hope, 1973). Psychophysical 
tests are generally designed such that only cones are 
stimulated, and cone shape changes little from 2 to 10 deg 
eccentricity. Optical test results, however, may be due to 
a combination of cone and rod reflectance. Gorrand 
(1985) reported about photoreceptor orientation at 20 deg 
eccentricity with an optical method. We calculated from 
Gorrand’s data a Popticat of 0.053 [0.023 x 2.3, correction 
for simultaneous entrance and exit angle change, see 
-4 -2 0 2 4 
nasal temporal 
horizontal pupil position (mm) 
FIGURE 5. Example of a typical psychophysical (0) and optical (x) 
SCE (Subject 1). Continuous lines show model fits, The optical curve 
is clearly narrower than the psychophysical one. 
point (1) following]. This is much lower than the Popticat 
in the fovea, but, again, a factor of five higher than 
/)psychophysi,-at = 0.0109 for rods calculated from Van Loo 
and Enoch (1975). It seems likely that Poptical decreases 
from 2 to 4 deg eccentricity due to increasing rod to cone 
ratio. 
Enoch and Scandrett (1971) showed, by reverse 
illumination of excised human fovea, a circular or 
elliptical far-field radiation pattern. Curcio et al. (1987) 
reported that cone and ganglion cell distribution is 
radially asymmetrical about the fovea, as are lines of 
resolution sensitivity. We found the same elliptical 
distribution pattern in photoreceptor orientation for the 
fovea (Fig. 3). 
Gorrand and Delori (1995) recently reported on the 
optical SCE of 20 healthy subjects. They found a mean 
horizontal peak position of 0.86 mm, S.D. = 0.84 mm, 
slightly more eccentric than ours, 0.31 mm, 
S.D. = 0.46 mm, possibly because extreme peak positions 
were included. The horizontal Popticat (0.226) was very 
similar to ours (0.205), as was the standard deviation 
(0.034 and 0.049, respectively). The ratio of directional 
to non-directional light for their young subjects, same age 
group as ours, was c. 3.0, lower than ours (4.9). We found 
that increasing our retinal diaphragm from 0.43 to 1.3 deg 
reduced the ratio a:b to 3.0. An increase in retinal 
diaphragm causes an increase in stray light (Elsner et al., 
1992). Horizontal parametric outcomes for Popticat and 
peak positions are comparable in both set-ups. Gorrand 
TABLE 1. Mean parameters for nine healthy subjects 
Optical SCE Psychophysical SCE 
Parameter (f 1 S.D.) (i_ I S.D.) 
Peak position (xc,) 0.23 + 0.41 mm 0.36 * 0.58 mm 
Peakedness (p) 0.226 f 0.049 ft.0416 5 0.007 
Fraction of directionally 
dependent light (cr:b) 4.Y f 1.8 Infinity 
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and Delori’s test is faster, data acquisition takes 4 set, but 
both tests require a lengthy (15 min) patient preparation. 
Their test provides an image in the pupil plane, whereas 
our test provides an image in the retinal plane, 
simplifying comparison with fundus photos. 
Optical and psychophysical measurements resulted in 
similar average peak position (Table 1) and in conformity 
with recent literature data [0.40 k 0.70 mm; Applegate 
& Lakshminarayanan (1993)J. The mean value for p was 
5.34 times larger for the optical than for the psychophy- 
sical SCE. Causes may lie in: (1) entrance and exit beam 
angle; and (2) visual pigment density. 
1. With the SLO set-up, entrance and exit beam angle 
change simultaneously, whereas in the psychophy- 
sical set-up only the entrance beam angle changes. 
Van Blokland (1986) who used a fixed entrance 
beam and variable angle exit beam obtained a curve, 
with p = 0.098, i.e. 2.3 times smaller than ours. 
2. Optical data were collected in the bleached condi- 
tion, whereas psychophysical data were collected in 
the dark adaptation condition. To evaluate the 
influence of visual pigment density we measured 
the optical SCE after an 8 min dark adaptation to 
determine p in three subjects. This lowered (Porticat) 
with a factor of 1.8. For the psychophysical SCE 
Walraven (1966) found a difference in p between 
dark adapted and bleached of a factor of 1.2. 
When these two factors are considered, the ratio 
between Popticat and Ppsychophysical reduces from 5 to 2. 
Chen & Makous (1989) showed that over half the light 
that cones absorb when the light enters the margin of the 
pupil has previously passed through other cones. Such 
recaptured light may have a larger contribution on 
absorption than on reflection, which would result in a 
broadening of the psychophysical SCE with respect to the 
optical SCE, as observed. 
In a follow-up study we will explore local Ponticat and 
Ppsychophysicat in diseased r&l%. 
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